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HOLOGRAPHY AT X-RAY WAVELENGTHS

J, C. Solem and G. C. Baldwin
Los Alsmos National Laboratory
Los Alataos, New Mexico 87545

and

G. F. Chapline
Lawrence Livermore Nstional Laboratory

Livermore, California 84550

Ah ntmct

We discuss alternative holographic techniques for imaging microscopic structures with ? short-pulse, high.
intensity, high-quantum-energy laser. We find that Fresnel trsnsfoxm holography using a photoresist for
registration of the hologram is most likely to be within the scope of near term technolol[y. A!though it has
sdvuttsges in time gsting, using en in-line electron raicroscope for hologrzm registration has an unacceptable
trsdeoff between qusntu~ efficieficy end resolution. Fourier transfonm holography using a reflector to gen-
●rate the reference >esm might be ● reasonable alternative using low resolution film, bt. t is necesssri.ly more
complicated. We dkcuss the dependence of the required laser intensjty on the resolution sought and on the
ebstic and ●bsorption cross sections. We conclude that resonant scattering must be used to obtain holograms
a: reasonable intensities.

Introduction

In this paper we discuss holography with very intense, short-pulse, high-quantum-energy lasers, The
poscibillties for holography with such ● laser ●re: (1) in-vivo high-resolution holograms of cells in three
dimensions: (2) the ●bility to distinguish inditidusl atomic specias; and (3) the ●bility to freeze ❑echanical
sction within ● cell on the time scale of picoaecc Ids.

We first re%tiew technique for mtiking holograms of microscopic ohjacts with special reference to the prob-
lem of obtaining high resolutions. We then discuss recording mathods for X-rm~ holography ●nd, in par-
ticular, discusn the problems with ● photoelectric recording syst,m. Finallv wt Ilscuss the physics of the
interaction of intense monochromatic X-ray beams with biological mater4slc, and derive intensity requir~ments
for X-ray hologr~phy of biological structures. Our principal conclusion is that one souct mska use of res+
nance lines to obtain holograms with intorestmg resolutions using reasonable Lntansitios.

Holorr*>h~c Tochnl~

We hava invostlgsted numsrous holographic techniques and hava setUed on two possibilities for ❑aking
holograms of microscopic specimans with a high-intensity short pulse high quuitum ●nergy laser. These ●re
(1) Frasnel transfom holography, otherwise known ●s in-line holography; and (?; Fourier tr~sform holog-
raphy, sometimes known ●a “lensbas” Fourkr trxnafom holography.

Fi@re la shows ● typical oetup for ● Freonol transfon holorraph. The principal advsntsg,’ of the tach-
nlque is simplicity. It requires only one laser beam. The object to b. holographed lJ plact d in the laser
beam itsdf , The same twsm prwidos both the reference utd illumination for the object. V,hcn the object
size divided by tho wsvahmgth b small ~pared to tha dlstanco from the object to the recording medium
divided by the oojnct sk, thit tochnlc la calhd Praunhofer h@lograph y ~ Tho bask distfi~ction is a certain
simplification that can be msdo in tha equsticmo for the fringo pattern ●t tha rw?ording medium ~

The difficult y of l%esnol trennfons bobgrephy is that it requires a very high resoluti m recording medium
A feeling for this can be dertJod f- an argument ghmn by Stroke, t ffluatratad in Fir lb If our object
combts of a #cries of poin’ ocattarers separttod by dbtanco c, it cut be thought of ●s IJ diffraction grating
Tbo sn~le ●t which the ftrct naxhum &i tho dlff raction pattam will occur is sin 3Wc ), Thin MSXbUXI must
lnterforewith the ptane WSVWI of the reference bemm that are parallel to tho recording mdium ~ in order to
record the intwforwc~ pattern bettaoen the dtffraetod hem md tlw rofarenco boem, the sqscing between th~
groins, g, ●ust be ●t least mrga enouch -for altorrmting trains to record tho mrnxims and minima of the re-
ruklng fl-ingen , Cons uently, g Ott(sin l(A/c)) ~ A/91

?
?Or Smd sngbs this ●wm g(A/c ) > A/2 or that

W* nuat lmve c : Sg he ●inkmum spacing that can be ncolvod b grestar than twice th. g?aln spscfng.
Aa bng sc the engteo me smell, th rwsult is indopendant of wavelength. Tho ●sstnco of thic mgumont
plus amlendono to inchJde the efhcta of fi-.tte bendwidth and penotrstion of the ●pecimen has been given by
Bsos and 11-SUM. 8

At & ● angles, which euuur whan tha wavobngth bocomoo on the order of the size of th~ grid sparing,
rthis rwu t become dependent on the wwolength. This b becauso tho first muximum of the diffraction pat-

tom oocurti ●t ● very Wge M@, Thls Mk. the ●ffecttvenaas of ?reonel transfom hohgr~phy: f
7

uently
the trea of reforance illumination wUI be tm small to enooqmoo tho peak of the dlffroctkwt pihtcm. 1 A ● c
tho dlffrectkm peak will omtsr ●t 90”. Tbo -IWSSS Dodlum would hava to be inf~lte in ●xtent to record
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Figure 1. Presnel transform holography: (a) typical set~p of holographic apparatus; (b) dia~rem demon-
$trtting that Frame] transform holography is MuWd by r~solution of recording medium.

the first diffraction peak. AR
CR

inted by out by Miellar or Jorna, $ ot lsrge Wfracthn angles ●nd short
wevelengthc we would run into ficulty with roughness of the surface of the recording medium i~t alone its
intrinsic greinfnem,

It h also iuterocting to note that if the ctructurn of the object ~d the wavelength wore appropriate for
the objoct to scatter plane waves, then the intwferenco psttem ●t the recording raodium would have @ sp~thl
frequency of ( dna )?A where a is the helf-ongle of intwference,

Figure 20 shows on idealbod configuration for lensless Fourier tram sfrrm hologr~phy. 4‘s The reference
source omhs sphericn’ waves, which interforo with wavoo frwn the object ●t tho recording surfoce, The

I
ob ect is separate]) illuminated by s plane wave oourco, ?i ro 2b showt s sim LUied orrangomont with e
re ●rmce sourt,e, o, end two object point teatteroro, x 1 on !“ Rxx, all omitting tp ericol waves originally at
the come phoae. The intensity pattwn ●t tho tcreen KM bo gtvon by

(1)

whore 8 and A me ompMudos of tho mforence mnd scottored woves, respectively, and A >> 8, This pattcm
oondets Of o d? Aovel phio a ropMly Oocilhting functkn wiih fvoquenc pmpor!iord to the ●eon dlstsnc~ Of

fth:J~M:b ●ct ocattororo fram the roferwme eourco modulaf.in o sbw y esciheting ~unctton with frquency

E
J !to the dlfferonce in diotmco Ktwoen U.. two o joct scums. It to collod ?Oui+cr trutefom

olo rsphy bocmmo ●very dhtance frar th rofowtcz eotirce ●apc ta uniquo spdal ftwquoncy at the M-
Acm g surface, It 10 Iensleso becaut~ the UOW.I Fowier trwslomdng technique roquirw ● lone, The @ax-

bm Spatial frequency of the lnterforence psttem can be sdjutlted mrbltrwily by placin the objmt at WI+-
out distancec from tha roforonce smrco, !Note thot diffkulty oocurs ● ●ln when Dpac ng of polntt fn the
pajatJ&ollor then tbo wevdongth, For example, M (X4 - s,) c A, 4 e modulation pottom novcr w.ochoc
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Figure 2: Lensless Fourier trensfonn holowaph y: (a) jdealized configuration of apparatus; (b) dmplified

●rrangement for calculation consistig of reference eource end two object scatterers.

z

f

Wc can ●klcsto tha brge sn@ pmblom by ●akin a spherkal rowmling ourfacQ, The geometry on @ Unit
!tphare for sttch ● Wourior trxnzfo~ technique is a own in Fig, $, If we considar the referoncu source of

s horhl waves to W M the ori~ xnd the objoct m sgxin oondet of two point ecattarwrs ●t x 1 ~d xi,
J ●n w. find tho Wowing intontlty pettoru:
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lI(xl+x2)sine cost rr(xl-x2)sine cost
1:A24

“ cos~ “ cOs~—
1

(2)

where again A >> ● . The intensity pattern consists of bands parallel to the y-z plane and centered on the
x-axis . As in the planar case, the spatial (or angular) frequency consists of a rapid oscillatory function,
proportional to the mean distance of the object points from the reference,
function depending on the distance between the object points.

modulated by a slowly varying
Again, if the point spacing is less than the

wavelength, one never completes ● full cycle. The physical spacing of the fringes can be made ●rbitrarily
large by expanding the radius of She sphere. Thus we could use an ordinary film of arbitrarily large grain
size, as long ●s the tradeoff between sensitivity y end resolution was f●vorable.

Recording Methods for Fraunhcfer Holography

High-resolution Fraunhofer holography requires e grainless recording medium. In fact, no recording
medium is truly grainless, it ia at least

F
ainy olt the ●tomic scale. However, there ●re ways of obtaining

resolution far better tha. that avnilable rom the finest-grain fihn. One is to convert the x-ray image into
an ●lectron image by means of a photo-emitting cathode, and then enlarge the image with an electron micro-
scope. This has the ●dditional ●dvantage that the electron microscope could be tiiie-gated, thereby ex-
tracting information only during the part of the laser pulse when the best hologru was being generated,
The other approach is to use o high-resolution recording medium, This could be done using a photoresist
material, many of which have been developed for high-resolution lithograph y.s

An example of such ● material is polymethyl methacrylate (PMMA). Photons striking this plnstic break
polymer chains leaving the material lomlly less resistant to etching ●gents. Bjorkland7’ c used PMMA in
hologra hy experiments at vacuum-ultraviolet wavelengths

I
Foder ●t al.’ have demonstrated that resolution

01’ 100 can be obtained with FMMA in X-r8y thadowgrcms. We ●e most interested in wavelengths in the
30-S0 A range, This is optimum for the use of ● photoremt such as PMMA. At higher energies the resolu-
tion degrades because of the increasing range of aecor,dary electrons, and ●t lower energies the resolution
degrades becu~se of diffraction effects. 10 Holograms registered on s photoresiat can be read out using an
electron microscope and the ha e can be reconstructed either by optical laser illumination of the electron
micrograph or computer andysis.~~

Direct use of an electron microscope to register and enlarge the hologram has its difficulties, An eiectron
microscope imposes ● trade-off between quantum efficiency and resolution, The modulation transfer function
degrades with increaae in acceptance mgle of the micro?,cope end energy diaperaion of the photoelectrons la
This gon~ral stateamnt is true over a lerge rmge of deuigns, However, an fntujth?e feel can be ●cquired b
noting that the spherical aberration of In ●]octron ML roscope ‘increases aa the cube of ita w?cepta.nce angle. r,

The quantum offlciency decreases w the square of the ●ccept~ace an 10.
F

Sfndlarly, tha chrowatic atm ration
increaaes ~s the product of ●cceptance angle md energy dispersion. 4 We might reduce the chromatic aber-
ration by usinc ●lectronic gating to limit the ●erry dispersion, liowever, the problem of spherical aberra-
tion la not easily circumvantod,

It is postible to build lensIess ●lectron ●icroscopes, one such conceptual device is shown Lt ‘?i . 4. The
photoatoitter conaista of a ~pherical shell, radius rl, within which the hologram 1s re?orded. 4 he figure
chows n typical Freanel tranaform holo~aphy setu

&
The screen or recording medium con~ista of a spherical

shell ●t a south ler er radius r .
[

The magrdfica n should be given by the ratio of rX/rl, An accelerating
high voltage ia app ed to the &er shell while the outer shell is grounded. The ●lectront are accelerated
nearly radhlly from the inner ~hell to the Outar shell and blurring fa owing ●xclusively U init.bl tangential
vdoctties, However, if tlw ●ner y corrwspondin~ to the inKhJ tangential velocity is Co and ttw potenthl on
Ul* inner npher8 is V~ then the S&speraton in utg~e is given by

(3)

This ●ppfY/Xi9@th isgood when Bo < V. ~ 10”S . The detailed ●xpreadon is very compkatod t

BxamL Ang Ma ●xprmalon we timodfetely motke tht the caao of leaat b]urring occurs SS r, ●pproach ?a
rt. This is the ease o# least magnifkditm, l.e , pamllel baa.

h
Howover, In ●ccelerating the dactrona Orie

has also decreaaed th~ ti{vergence an~le by ● factor of So we ●ight fnatead consider using parallel
plates to ●cderete W* ●;eetrom tito tbe optics 04 s oonve%to% ●hctmn Dkmeoope,

However, it ia Mfkntlt to ooncdvo od my prsctkal conf~ratlon that wou]d result in M ●ccoptab)e bJur-
rtng , For ●x~pb, M we wsnt the blurrim to be only 100 A, Md we have a distance between

k L?& of am,, , volt,&&;&t:: - r , of OSdy 10 ,ym, and ● tangess then we need 4000 000 volts between
As is LJearly kprwtkml .
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Figure 4: Conceptual lensless electron microscope with

A potential problem with Fraunhofer holography is low contrast
specimen is not ● very efficient coherent scatterer. The problem
specimen over ● hoie in en absorbing foil, which will ●ttenuate the

*

Fraunhofer holography.

ratio. This is particularly true if the
can be circumvented by mounting the
reference beem, TII? unifomnitv of the

“ghadow foil” muet be such that spithl “&d temporal coherence of the reference beem are no~ dr;sucnl.ly
eltered.

Iourier liclogra~hy.—

The trouble with lensbss Fourier holography is that (in the figurative sense) it is not lensless. F~gure 5
shows ● typjcal setup for lensless Fourier holography. In order to obtain the spherical reference weve wc
must have a tens that focusses to a pinhole in the shsdow plane. In the x-rey regime we do not use a lens,
but rether use ● Fresnel acme ptste. WMl th~s type of experimental configuration, it is easy to prove that
the hologram resolution is limited to the finest spacing on the Fresne] zone plate. This derives from “he
feet that the finett spacing on the none plete detemines the meximum ●n@e of the s hericd $egment get}-
ereted. The fhtest zono plete epacing allowed b

L
{current technobgy is ●bout 800 , as This means that

using this tach,tique we could obtain resolution no ttar then 800 A,

AfJ elteraetivo odd be to use r cohorent scattetig ~flector to generate tie ~ference waves, I ~ *~7
Fig’tire 6 shows such a reflector, fn this cese ● parrnboloid ~Jat would generate epnericml reference waves,
encbsed in 8 opherbnl shell rewrdin

%
surface , For best contrast ratio, the paraboloid would have to be

ap roximately the same sise at the o ject (for exemple, 100 p for a 100 ~ biological ●pecimen ),
r

The
re erence scsttorer need not be e ptrabolnid, In principle, the hobgram could be unfoided for ●ny convex
reference mettwer as brig ● we knew ~te ●hspe end dimensions to within ● fractkm of ● wavelength.’s
Presently, spherical ●icrobe)loom can be made 100 pm h diameter with a surface smoothness better than
100 A. These balloons can be measured to within 50 A. 60 using ● reflector that would work in the
*M A region is just on tho ●dge of technologjcel fesdbitjty.

httendty Requtients

We deftie the stagnatbn tie for a heated regba by

T . —.

‘“g J&

where 6 isthe Hnem dbension of th rw~, C the
ture , Under the ●eumptbn that the botognm & &
a4 T$W the, the required intensity le given by

(4)

specifk heat st tom?.ant volume, end o the tmpera-
recorded wit.hou t b lIJrring for ● period m tie order



z-e
Pbte

Loeer P
km

[

Figura 5. Typical setup for lensless Fourier holograph y.

‘/wind II

/

?lgure 6: ?ou~r trnnef~ bo&graphy with ● ~botk reflector.



(5)

where N is the number of photons to be recorded per resolution element, hv i= the photon quantum energy
\ergs), c is the detector quantum efficiency, i.e. , the fraction of photons recorded, o “
cross sectiori (cma/atom), o is the ●bsorption cross section (cm~/atom ), P is the dens

*s(:,:::):’y’:

the number of ●toms per ~, i.e. , 6.02x 1023/A (atoms/g), and 6 is the linear resolution ●lement (cm).

The ●xposure time (the time during which the hologram is recorded) must be less than the stagnation
time. This can be accomplished by arranging for the laser pulse length to be shorter than the stagnation
time, either by designing e laser wAth ● natural short pulse or using any of a variety of mechmnsms for
chopping the pulse. A gated recorder, such ●s any of the ekctronphot~issive schemes, could al-o provide
● shutter and allow the laser pulse length tc exceed the stagnation time. With ● reflective-reference scheme
such ●s that shown in Fig. 6, we could select a coherent-scattering resonance and laser intensity such that
the resonance saturated in ● time less than the stagnation time. This resonance would be used both in the
reference reflector rnd the object, and would provide a natural shutter. When the resonance saturated,
both the object and reference scatterer would become transparent to the leser beam, end generation of the
hologram would cesse. Unfortunately, this shutter scheme cannot be used very effectively with Fresnel
holograph y and 8 photoresist recording surface, for after the resonance saturates (bleaches ), the laser will
continue to expose (darken) the photoresist. The laser pulse length could be ● factor of two or three
greater than the saturation time, but any further ●xposure would unacceptably degrade the contrast rat]o

The required intensity goes ●s 6- i”2. This derives from the ‘ncrease in intensity required to get the
aatne number of photons scattered off s smaller resolution element xnd the shorter stagnation time ●s the
resolution element becomes smaller. This equation ia only ~pplicsble in the region where the specimen is
behaving like a fluid and there is Iocal thermodynamic equilibrium. But k does give a feeling for the rapid
increase in intensity required ●s higher resolution is aought.

The intensity is ctrongly dependent on the ●Ixstic cross section and somewhat more weakly dependent on
the absorption cross cection, To make holography practical on the 80-S0 A scale, we must use resonant
coherent scattering. Thr resonant cross section is given by the Breit-Wigner fomulal e and to within multi-
plicity factors is ●pproxfiately

r2
0*A2

() ~ (6)

where r is the reeormnt Mnewidth md r ~a the natural Mnewidth. Figure 7 compares Az, wh]ch is a
reasona~ts ●pproximation to the resonant cw~ section, with the cross section fcw photoelectric effect, co-
herent scattering, and incoherent seatterhg in nitrogen.

To cee how tmportant itAS to use resonant coherent actttering, let us consider ● concrete example sup-
pose thst we were trying to make a hologrm of ● microscopic structure of solid nitsmgen to a hnear resolu-
tion of 60 A. Furt!!er, suppose that we wanted to ocatter coherently 10t photona from qach resolution
ekment, Using nonresonant coherent a$sttering, the ●lasti croaa eection is abo~t 4 x 10 tt CM2. The
absorption cross section b- about 4 x 10 80 CM2. This gives an intensity of approximately 101s watts/cm?
and a stagnation ~ of 10 ‘4 s. This is clearly unreasonable,

OrI the other hand, If we were ●ble ?mprepare the njtrogen h e H@-like state, we could uae the 2P-to- 1S
resonance in He-like nitro en that occurs ●t shout 421 ●V.

1!
In the He-like etate, the ●toms would have no

Auger trenai!ions, ●]thoug there may be some contribute to the ~ewidth f- ~elastic co~sions w~”’~ free
electrosts ,:0 and from Stark broadening. $1 However we ●xpect that the resonant Iinewidth would closely
approach the natural Mnewidth,

E%t%’f#b%61Y’o-’

Ivan though the temperature would be near~ 60 ●V, Doppler broadening
the ●leat.ic croa section woul~ be ●bout 10 le CM*. This would give an

8 ~d ~ ob~e~a~ ~ of •~~t 10 II C, It reduces the intensity requirement
b ●ight orders of ●agnitude and ●akes we atagnstioa ~ 10 tiaeconda which a-s ●t least tractable.

IeoA Ytht illumination on the recording sufieee is ●bout 0,1 J -I which is within the dynamic range of
pracbcal photoreaista. 1~ Although Dop lar broadening is negligible, Doppter shiftin of the coherently scat-
tered photons ma alter the phsae rela

L
&n ship with the reference beam at the recor &

bpo.e an upper
g eurface. This could

it Ott the dietance f- the e~fmen to the m ding outieee.

Fomub 6 is mot ●trktly applicable to this mse, howevor. The formtb wuuld ●aaume that the nitrogen
starta co!d in the He-Iike etate, In fact, we have to ●pply anou~h energy to bring it to that state, and
durin tht tke it is dM.ing h drodynamlcally,
Sxl F J

If we could ride cm an ●bsorption reaonence of ●bout
I ? at ~nti we resched

● He-like etite, then an tntenoity of ●bout 9 M 10IZ watts/cm* would be
~ul.red, ● ctagn~t@t ~ of about ~S p~d would be ~~unt~d, ~d the auence ~ the recording



surface during registration of the hologram would be ●bout 1 J/crrIz. Doing this however requires a fortu-
itous overlap of resonances. An alternative might be to direct ● second laser at the specimen, perpendicular
to the laser that would resonate with the He-like state. The second laser would be tuned to the K-edge and
heat the specimen to the desired population of the He-like state. This would improve the contrast ratio and
does not depend on My fortuitous overlap of resonances. The second laser would have to supply about
1013 watts/c+, hawever.

1’ 1 1 1 I I 1 1 I [1

~
I -

n)- 2 -

to-’-

5o0200Kmso20~

Figure 7: Cross sectjons for photoelectric effect, coherent scattering, ●nd incoherent scattering in nitro-

f
en compared with At which is the resonant chattering cross section to within multiplicity

●ctors.

For ● more realistic example we should look to cold resonances.
‘i@’w .0 ‘hews ‘e ‘-reia “b:~u:cross section of mo]ecuhr nltmgen in the ~ge f- 900-43S V aa reported Jy Bhnconi et al

nance occurs ●t about 401,3 ●V owing to the prwmotion of ● 1S electron to the first unfilled (n 2P) orbital ‘4
mile the total croos sectkn of thjs maonmce ●xmdg 22 Mb, fts fluores~t yield, that is tie%raction of its
Cross S4dorJ thatis ooberent ocsttemg, is only shout * part in lW. Howeve~ a resl cell is not ~onstructed
ef pure nkrogcn mnd the OC~ -nyhg stodc cpecios provide ● heat rink for energy depdted by non-
coherwnt scstterin~ processos. ? his mewhst suppresses the rote of dilation, and lncrsmses the etagnwion
*. This mmnance is, of murse, for N*, but one would expest that e sbilar resonance woutd be en-
countered for rnitrmgen bound in the protain$ of ● oell, end that h would occur at s similar ener y. This ia

Jb&&y &:r first v-t Wbfti e~ts, it will differ from the one in N2 ostly by ● frecUon of ● DOlOCthr

P
For ●- la, the correspundfng reeocmnce in N*O occure ●t 401.2 A7,ss only O 1 ●V from

ttmanein *,” JPor s re stic cell contaidng apprqwiete concentration, of H, C, O, and N, the theoretical
reaolutfort would bO ~ tie ord.r of 200 A ~eu~ tie strong ●bsorption of the N, maonance makes proteh
concen!retkm ●ppear almost black. To ~rd the bologr=I on ● stmderd photor+st, we would need ●

laser intensity on the order ot 101° w“- *. A detailed numerical simulation will hove to be undertaken to
d~termine the h dtiyn~c b.he~r of ~ ~~trabs of p~te’ns snd thereby indirete the actual reso-
lution that can L achieved. However, because of the rapid dependence of intermit y on the dze of resolution
ebent, we can ~What ~ffde@y SOy hat ● IwOIUUat betterthan ~ A could be obtained.
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Figure 8: K-shell ●bsorption zpectrum
●normous resonance al 401.3

410 420 4“()

Photon Energy (eV)

of N2 as determined photoelectrically by Bianconi et al. . Noiice
eV for the 1S + n2P transition. (Adapted from figure in Ref. 23).

Possibili’,ies

We have chosen ni hmgen ●s an ●xample because it seems to be the most likely atomic species we would like
to detect within ● cdl. Looking ●t nitrogen would distinguish some of the more interesting aspects of cellu-
lar structure while ignoring the water, the sugara, md the lipids. This means we could see the membranes,
the cytoskeleton, the nucleus, the mitochondria, and various other organelles. This is a distinct advantage
over the electron microscope which in vivo does not distinguish the water from the structural elements with-
out s ecial preparation.

!
In general, electron microscope samples must be freeze-dried and sputtered with a

high- element such ●s osmium or uranium. It is genersl.ly thought that the cellular organization is radically
disturbed by this process.

One of the most exciting possibilities is to take snapshots of mechanical processes within the cell on pico-
second time scales. For example, one might be ●ble to” sce the penetration of vesicles of neurotransmitter
Utroug} the presynaptic membrane. ~G Also, with resolution of 10C A or so, one might be ●ble to detec!
switches in molecular conformation such as those thought to be responsible for signal promulgation in retin&l
cells.~?

Conclusions

By process of elimination it ●ppeara to ue most prr.ctical to use Fraunhcfer holography with a photoresist
recording surface. The rscording properties of photoresist are optimum in the wavelength regior where we
could use resonant coherent scattering from nitrogen. To have reasonable contrast ratio, we need . “’shadow
foil” that is sufficiently homogeneous that it does not significantly alter the temporal and spstial coherence of
the reference beam. The problems attending preparet.ion of such ● foil seem less stressing than those of
making and measuring ● euitab]e reflector for spherical Fourier holography, We also find that we must use
resonant coherent scattering to obtain holograms ●t reasonable intensities
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Conceptual lensless electron microscope with Fraunhofer hologrtph y.

A potentiat problom with Fraunhofer holography is low contrast ratio. This is particu!ar:~ true if the
specimen is not ● very efficient coherent scatterer. The problem can be circumvented by mounting the
specimen over ● hole in an sbsorbing foil, which will ●ttenuate the reference beam. The unifonaity of the
*18hadow foflli must be such that spst~] Ud t~porel coherence of the reference beam ●re not dra~tic~Uy
altered.

Fourier Holography

The trouble with lensless Fourier holography is that (in the f~guratjve sense) it is not lensless. Figure 5
shows a typical setup for lensless Fourier holo raphy

J
In order to obtain the spherical ref~rence wsve we

must have ● lens tht focusset to a pinhole in ● e shadow plane, In the x-rsy re@ne we do not use ● lens,
but rather use ● Fresnel zone plate, With this type of experimental configuration, it is easy to prove Lhat
the hologram resolution is limited to the finest spacing on the Fmmtel xone plate. This cterive* from the
fact that the finest spacing on the aone pkne determines the ma; {mum a])~le of the s herical segment gen-
erated. The finebt xone plate spacing allowed by current technology is about 400 ?IJ This means that
using this technique we could obtain resolution no t i tto,- lhan 800 A.

An alternative could be to u-e a coherent scattering reflector to Xenerate the reference waves i 6‘ i 1
F@me 6 chow~ such a reflecto~, in this case a paraboloid hat would generate spherical reference waves,
encloced in a spherical shell recordin

%
surfac~. For boot contrast ratio, the paraboloid would have to be

ap roximately the came @be HS the o ject (fo~- ●xample, 100 @ for a 106 pm biological specimen)
r

Th*
re e- mce acattc ;e\’ need not bo a paraboloid. ]Y pfiefp]e, the hoLogrem could ba unfolded for any convex
ref, ‘ :ce ccatterer ●s bng ES we knew fts ahai~e and dimensions to within a fractkm of ● ~~veltmgtfi. ‘0
Pr mtly, spherical microballoonrn cm be made ’100 p in dmmetet’ w,th ● surface smoothness better thsn
? A. These ~alloons can be meaaured to wfthln 60 A. so using ● reflector that would work in the
J-60 A region ia juot on the ed~e of technolo~cal fcasibUity,

ltttensity~u~ents——.

We deftne the stagnation tim~ for ● heat$d region by

T .—

‘“g &

where 5 is the linear dbendon of t.tw regfom, C the
ture . Under the ●esumptton that the bo)e~ & be
of Ta@g time, the rrqulred intensity is gtven by

(4)

apedfic beat ●t constant volume, and O the tempera-
remrded without blurring for a period on the order



\
Photeemittof

Figure 4: Conceptual Jeas]ess electron microscope with

A potential problem with Freunhofer bobgr~phy ix low contrcst
specimen is not ● very ●fficient coherent scatterer, The problem
sDecimen over s hole in an ●bsorbinc foil. which wffl stttmuate tbe

Fraunhofer holography.

ratio. Thie is particularly true if the
can be circumvented by mountinr the
reference beam. The unifomitv of the

“hhsdow foil” ● ust be such that sp%tial &td t~poral coherenca of the reference b~am sre not drktically
altered.

FoUriCr Hokgraphy
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Iatensity Requhwrlts

(4)

MMCWC bem ● mstutt volume, and O tho tapere-
recorded without blurring for ● perbd at the order



\

Phetoemittef

t
Vo

Figure 4: Conceptual lensless ●lectron ~icroscope with

A potential problem with Fraunh~fer holography is low contrsst
cpecimen is not ● very efficient coherent scatterer, ‘I he problem
specimen over a hole in an absorbinr foit, which will stter,uat~ the

+

Fraunhofsr holography.

rstio. This is particubrly true d the
cut be circumvent~d by mounting “he
reference beun. ?he unifot mity of the

“ihadow foil” must b. such that sp~tial and temporal coherence of the reference beam ●re not drastically
&ltered.
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Figure 4: Conceptual lensless ●lectron microscope with Frsunhofer holography.

A potontial probkm with Freunhof@r holo~raphy ia low contrast rstb, This is particularly true if the
cpecimen is not a very ●fficient coherent cestterer. Tie problem can be circumvented by mounting the
apec=en over ● hole in an sbsorbing foil, which will attenuste the reference beam. The unifomity of the
“shadow foil” ● ust be such that spatial end temporal cohrrance of the reference beam ●re not drastically
altered.

Fourier HoloKraDhy

The trouble with lensless Fourier holography ie tht (in the figurative scitse) it ia t,fit , , ‘clest, Figure 5
chows a typical setup for lensless Fourier hob rsphy.

&
In order to obttin the npherictl raferonce wave we

must have ● Jens that focussos to s pinhole in e shsdow plane. In the x-ra} regime we do not UC? I lens,
but rathtr usc ● Frame] mne plsta, With this type of experimental ucnfiguration, it b ●asy to prove that
the hologram resolution ie limited to the finest spacing on the Fremml zone plat~, This derives from the
fact thot the finect spacing on the sone plste determines the maximum ●ngle of the s hencal segment gen-
●rated Th? finect aon~ plate ●pscing Wowed b

L
&’currant t~chnolrgy ie abcmt 600 t * This means that

using this technique we could obtain resolution no tter than ~ A,

An aMemsUve muld be to use a coherent scattering wflector to generate the reference weves, 10’17
Figutw 6 shows such s reflector, in this ca~e ● parabobid that would generste spherical reference waves,
encbsed in ● uphcrical theIl recordin mtrfaca,
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re ere,ace scatterer need not be s parabokdd. In prhiciple, the hobgrm muld be unfoldod for ●y convex
Nforwtce scatterer ●s bttg as we iuww its shape snd dlmnsions to whhin ● fraction of ● wavelength, 1a
~&s~tly, tpherical ●icroballooaa can be mede 100 yn in diaaeter with ● surface amoothnene better than

Theee balloons can be meaoured to within 50 A, S0 using s refbctor that would work in the
30-50 ‘A mgba h just om tbe ●dge of tcchnobgical foasibilhy.

Intensity Rewtien~s

We define the e~gnetton th~ for a heated region by

(4)
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